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1. Detailed Experimental Procedures 
Design and Fabrication of broadly enhancing 3D-stacked Au-NP SERS substrates. The SERS substrates were 
fabricated by performing two sequential wet-chemical processes described in detail by Yang et al.1 A bare silicon (Si) 
substrate was coated with a ZnO seed solution consisting of 5 mM zinc acetate dihydrate in ethanol and then heated on a 
hotplate at 350°C for 20 minutes to produce a ZnO seed layer. To produce ZnO NWs of four different diameters, the 
precursor solution consisting of 25 mM of HMTA and 5 mM of PEI was prepared, and then the concentration of zinc 
nitrate hexahydrate in the precursor solution was varied at 25, 75, 100 and 125 mM. The seeded substrates were then 
dipped into the ZnO precursor solutions and heated in a convection oven at 95°C for 2.5 hours (Figure 2a), and ZnO NWs 
of four different diameters (50, 90, 180, and 230 nm) were produced. Au NP clusters were deposited using an aqueous 1 
mM sodium tetrachloroaurate(III) dihydrate and 200 µM sodium citrate dihydrate Au-NP precursor solution. The pH of 
the solution was adjusted to 9 by adding 0.1 M aqueous NaOH. The ZnO nanowire substrates were dipped into the Au 
NP precursor solution and heated for 1 hour at 90°C in a convection oven. The Au NP deposition process was repeated 5 
times to achieve densely formed 3D-stacked Au-NP clusters, rinsing the substrate with ethanol and DI water after each 
synthesis process. During these iterations, the ZnO nanowires initially served as 3D frames for Au-NP deposition and 
gradually dissolved (Figure 2b). 
Optical simulations of the SERS substrates. Two-dimensional (2D) modeling of the SERS devices (Figure 2e) was 
performed using the finite element method (FEM) software COMSOL Multiphysics, USA. The effective dimeter and 
period of the devices were extracted from the scanning electron microscope (SEM) images (Figure S1, Table S1). The 
unit cell was taken to be the period of the devices. Periodic boundary conditions in the lateral directions were applied in 
all calculations. An incoming plane wave impinging the structures under normal incidence for transverse magnetic (TM) 
polarization was used, and all the calculations were performed with a mesh resolution of 5 nm. The boundary conditions 
of the electromagnetic fields in the vertical direction were set on the perfect matching layer for the model. The refractive 
index of ZnO was assumed to be n = 1.95, and the wavelength-dependent optical indices of gold and silicon were extracted 
from the literature.2 The absorption was calculated from the reflection (%R) and transmission (%T) using S-parameters 
(100 - %R - %T). 
Density functional theory (DFT) simulation for Raman peak shift. Raman calculations were carried out using the 
GAUSSIAN’09 software package.3 All calculations were performed using the DFT method with the hybrid B3LYP 
exchange correlation functional.4 The 6-311++g(d,p) and Stuttgart-Dresden (SDD) basis sets were used for the 
molecule/metal systems. The SDD numerical basis was used to treat more accurately the core electrons of gold via the 
effective core potentials (ECP), which included relativistic effects.5 The presence of solvent (essential for treating the 
charged (OH-)-MPBA ion) was simulated by the polarizable continuum model (PCM). The gold surfaces were represented 
by finite clusters ranging between 10 and 20 atoms, with the thiol group of MPBA bound to one (Adatom site) or two 
(Bridge site) gold atoms. Both bonding sites showed the same behaviors of the Raman changes caused by the bonding of 
glucose. 
Bench-top measurement of glucose concentration. The substrates were placed inside a chamber made of 
polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, USA), and the chamber (with the inner dimensions of 2 mm 
high × 2 mm wide × 8 mm long) was covered with a fused-silica cover slip (S1-UV, ESCO Products Inc., USA) that 
served as a measurement window (Figure S3). The PBS and glucose-PBS solutions were delivered through two separate 
lines using a syringe pump system (NE-500, New Era Pump Systems Inc., USA), and the final glucose concentration 
inside the chamber was adjusted from 0.1 to 30 mM by controlling the flow rate of the glucose-PBS line. The pH of the 
PBS solutions used in the experiment were adjusted to 7.4 to mimic pH levels of glucose-containing bodily fluids.6 SERS 
signals were measured using a Raman spectrometer (inVia confocal Raman microscope, Renishaw, UK) with a 5× 
objective and 785 nm laser operating at 0.8 mW. The data were integrated for 100 s to test under the dynamic equilibrium 
state and measured every 1 s for dynamic response test. 
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2. Characteristics of the SERS Substrate 
 
Figure S1. SEM images of (a) ZnO NWs synthesized by various concentration of ZnO NW precursor solutions and (b) Au NP 
cluster after LPD process. (c) 3D stacked Au-NP SERS substrate further enhanced by the light-passing vertical perforations. (d) A 
photo of a 3D stacked Au-NP cluster SERS substrate on a 4-inch Si wafer. (e) 2D Raman intensity mapping and (f) intensity 
distribution for the C-S-stretching-coupled C-ring breathing mode of MPBA over a substrate area of 1 × 1 mm2. 
 
Table S1. Geometrical parameters for optical simulations of the SERS devices. 
Diameter of ZnO NWs (nm) Height of ZnO NWs (µm) Gap between ZnO NWs (nm) Diameter of Au NPs (nm) 
50 2 140 20 
90 2 180 20 
180 2 300 20 
230 2 360 20 
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3. Enhancement Factor Calculation 
The characteristics of SERS substrate were evaluated by using benzenethiol (BT) which is common analytical molecule 
due to large Raman intensity. The enhancement factor (EF) was calculated as follows. 
𝐸𝐹 = (
𝐼𝑆𝐸𝑅𝑆
𝐼𝑏𝑢𝑙𝑘
) × (
𝑁𝑏𝑢𝑙𝑘
𝑁𝑎𝑑𝑠
)         Eq. S1 
where ISERS is the intensity of the SERS spectrum obtained from AuNP cluster and IBulk is the intensity the Raman spectrum 
from the BT solution. Nbulk is the molecule number of the BT in the laser focal volume. The laser focal volume was 
calculated to be 1300 µm3 with 785 nm laser and 5× objective lens (NA: 0.12). Thus the Nbulk of 1 mM BT solution in the 
focal spot is calculated to be 8.0×108. Nads is the number of molecules probed using SERS defined as the following 
expression: 
𝑁𝑎𝑑𝑠 = 𝐴𝑠𝑝𝑜𝑡 ∙ 𝑁𝑑 ∙ 𝛼         Eq. S2 
where Aspot is the area of the focal spot of the laser (1.2 µm
2), Nd is the packing density of BT (6.8×10
14 cm-2), and α is 
the ratio between the surface of AuNP cluster and a flat surface of the same horizontal dimensions. The α was calculated 
considering spherical shape of nanoparticles, connection area between nanoparticles, laser penetration depth and the 
porosity of nanoparticle cluster. Therefore, Nads is calculated to be about 5.56×10
6. The EF value of overall AuNP cluster 
can be calculated to be 8.73×108. The substrate is composition of connected nanoparticles and properly separated 
nanoparticles. High electromagnetic enhancement generates gaps between nanoparticles. The EF values at the gaps were 
calculated to be 9.31×109. 
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4. SERS Spectra of MPBA and Glucose-Bonded MPBA 
 
Figure S2. (a) SERS spectra of MPBA in pure PBS and 10 mM glucose PBS solutions. The molecular vibration motion is depicted 
for the C-S-stretching-coupled C-ring “breathing” mode at 1071 cm-1 and the B-C-stretching-coupled C-C stretching mode around 
1570 cm-1. (b) Numerical simulation results of SERS spectra of MPBA with three and two hydroxyl groups. (c) Magnified view of 
the SERS peaks near 1071 cm-1 with three and two hydroxyl groups. The B-C-stretching-coupled C-C stretching mode of MPBA 
with three and two hydroxyl groups are located at 1615 cm-1 and 1634 cm-1, respectively. (d) The peak-position shift that results 
from glucose binding with MPBA. When glucose binds MPBA, the C-S-stretching-coupled C-ring “breathing” mode (red peak) 
becomes suppressed, and the C-S-stretching-coupled C-ring “constrained bending” mode (blue peak) becomes dominant, resulting 
in a shift. (e) No peak shift is observed in the SERS spectra of the B-C-stretching-coupled C-C stretching mode of MPBA around 
1570 cm-1. The spectra are the same for both PBS and 10 mM glucose PBS solutions (pH 7.4). (f) SERS spectra of MPBA molecules 
in 10 mM glucose solution. (g) No discernable SERS peaks of glucose are observed at the expected locations (blue arrows). 
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5. Bench-Top Test of Glucose Concentration 
 
Figure S3. A schematic illumination of bench-top test setup. The SERS chip is placed in the PDMS chamber covered by a fused 
silica cover slip. The PBS and glucose solutions are supplied to the chamber through two separate lines, and the concentration of 
glucose is adjusted by controlling the flow rate of the glucose line using a syringe-pump system. 
  
S-7 
 
6. Signal Processing for Static Raman Data 
The spectral resolution of the Raman system with a 785-nm laser and 1800-l/m grating is 0.6 cm-1. Tracking shift in peak 
position is linked to the spectral stability of the system, and the instrumental limit specified by the manufacturer is 0.02 
cm-1.7 In order to improve the detection limit of plasmonic sensors beyond the spectral resolution of detectors, reduction 
of noise and improved fitting algorithms to find the optimal peak position have been successfully utilized in the past, for 
tracking of plasmonic peaks. Application of a high-degree polynomial fit to track the centroid of a spectral peak, 
accompanied by steps to improve signal collection resulted in a noise level of less than 5 × 10-4 nm while tracking LSPR 
spectral shifts. The reported accuracy of determining spectral peak positions was 4 orders of magnitude better than the 
wavelength resolution of the spectrometer.8-11 
Similarly, in order to improve the spectral resolution for our measurements, we used in combination a Gaussian fitting 
model and the Savitzky-Golay filter to identify the peak position. The latter is based on polynomial fitting and is a well-
established method that reduces noises in Raman spectra (Figure S4).9-16 We calculated the noise levels in peak positions 
after applying our signal processing algorithm and using Raman spectra of a single-crystal Si wafer as a Raman-emission 
reference for its well-known peak at 520 cm-1. The 5th order Savitzky-Golay filter with a 9-frame length was applied 
using MATLAB. As a result, we have been able to reduce the noise while tracking the Raman peak position down to an 
accuracy of about 0.012 cm-1 (Figure S4), which is 50 times better than the resolution limit of the detector. We estimated 
a limit of detection (LOD) for Raman peak shift would be approximately 0.036 cm-1 (using SNR = 3 over the noise level 
for calculating LOD). The obtained spectral resolution and stability levels are sufficient for us to determine fine changes 
in the peak position of MPBA for various concentrations of glucose. 
 
Figure S4. Comparison of the standard deviation (STD) of Si Raman peak location of raw data, Gaussian-fit data and Savitzky-
Golay filtered, Gaussian-fit data. 
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7. Analytical Glucose-Sensing Model 
For the dynamic tests, we measured SERS spectra every 1 s and applied the Savitzky-Golay filter followed by Gaussian 
fitting to every single spectrum. After then, we applied the 1st-order Savitzky-Golay filter with a 21-frame length in the 
time domain. As detailed in the manuscript, the reaction between MPBA and glucose follows a first order rate equation. 
This subsequently influences the relationship between peak wavenumbers and glucose concentrations. We characterized 
the dynamic response of our glucose sensing method by tracking the peak position of MPBA with 0.1, 1 and 10 mM 
glucose solutions to obtain their respective rate equations (Figure S5a-c). Without loss of generality, the device response 
could be represented as: 
𝑊𝑛(𝑡) = 𝑊0 + 𝐴(𝑐(𝑡)) (𝑒𝑥𝑝 (−
𝑡
𝜏(𝑐(𝑡))
) − 1)       Eq. S3 
where Wn and W0 represent the peak wavenumbers in glucose solution and PBS (or 0 mM glucose), respectively. A and τ 
are coefficient functions dependent upon glucose concentration c and are therefore also inherently dependent on time t. 
We derived mathematical model in the form of a first-order linear differential equation that governs the device response: 
𝑑𝑊𝑛(𝑡)
𝑑𝑡
= 𝜒1(𝑡)𝑊𝑛(𝑡) + 𝜒2(𝑡)         Eq. S4 
where χ1 and χ2 are representative functions dependent on A, τ, c and t. Employing this governing equation, we were able 
analytically solve for and characterize the device response for 0.1, 1 and 10 mM glucose solutions (Figure S5a-c). Then 
we generated characteristic curves to predict glucose concentrations to various degrees between 0 - 30 mM (Figure S5d). 
From the first 1 minute of the characteristic curves (Figure S5e), we determined the analytical average slope of the pseudo-
linear part of the response (Figure S5f) which allows us to rapidly detect glucose concentrations. 
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Figure S5. Analytical glucose-sensing model (shown in red) generated through experimentally tracking the peak position of MPBA 
with (a) 0.1, (b) 1, and (c) 10 mM glucose solutions. Glucose-sensing characteristic curves generated by the analytical model over 
(d) 160 minutes and (e) 1 minute to predict the device response to various concentrations between 0-30 mM. (f) Analytical 1 
minute-average slope of the pseudo-linear part of the device response plotted versus concentration. (g) Dynamic response of SERS 
peak position as the glucose concentration swings between 0 and 1 mM demonstrating reversibility of glucose binding. 
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8. Stability of Our Glucose-Sensing Approach Over a 1-Month Period 
 
Figure S6. Table-top stability testing of our glucose-sensing method in 10-mM glucose solution over a 1-month period. The 
measurements exhibited excellent stability during the test period, with an average daily drift of 0.0006 cm-1. 
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9. Ex-vivo Measurement of Glucose in Rabbit Anterior Chambers 
 
Figure S7. Schematic illustrations of the implantation process. A miniaturized implantable SERS disk is inserted into the rabbit 
anterior chamber through a small (~2 mm) incision. 
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10. Glucose Sensing Technologies 
Table S2. Summary of glucose sensor technologies. 
Sensing 
Technique 
Dynamic 
Range 
Assay 
Time 
Speci
ficity 
Cost Applicability Other Limitations 
Enzymatic17,18 0.1-30 mM Seconds Good Low                  
(5-15 cents/test 
strip)18 
Invasive Discrete 
measurements, 
enzyme instability 
Non-enzymatic19 0.005-5 mM Seconds Poor Low   
(potentially) 
Invasive Non-biocompatible 
Fluorescence20 0-22.2 mM Minutes Good High  
(equipment) 
Non-invasive Photobleaching, 
discrete 
measurements 
IR absorption 
spectroscopy21 
1-70 mM Minutes Poor High  
(equipment) 
Non-invasive Low accuracy 
Photoacoustic 
spectroscopy22,23 
1.7-27.8 mM Minutes Poor High  
(equipment) 
Non-invasive Low repeatability, 
high absorption in 
water 
Polarimetry24 5.2-28.9 mM Minutes Poor High  
(equipment) 
Non-invasive Poor stability and 
signal strength 
Surface-enhanced 
Raman 
spectroscopy25,26 
0-25.0 mM Minutes Good Medium 
($15/chip)26 
Invasive implantation / 
Non-invasive 
measurements 
 
Raman-mode 
constraining 
spectroscopy 
(This work) 
0.1-30 mM Minutes Good Low                 
(50 cents/chip) 
Minimally invasive 
implantation /        
Non-invasive 
measurements 
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